Three different types of impairment in the synthesis of virion RNA (vRNA) were detected in three groups of temperature-sensitive (ts)
INTRODUCTION
Synthesis of three classes of virus-specific RNAs [poly(A ÷) cRNA, poly(A-) cRNA and vRNA] is induced in orthomyxovirus-infected cells (Hay et al., 1977 b; Taylor et al., 1977; Barry & Mahy, 1979; Hay & Skehel, 1979) . Polyadenylated [poly(A+)] cRNA was shown to differ from unpolyadenylated [poly(A-)] cRNA in its structure, functions and mechanism of synthesis (Skehel & Hay, 1978; Krug et al., 1979; Robertson et al., 1980; Hay et al., 1980) . Regulation of the synthesis of poly(A +) cRNA was found to occur (Hay et al., 1977 b; Inglis & Mahy, 1979) . The process of virus-specific mRNA synthesis was shown to include a stage of endonucleolytic cleavage of cell mRNAs containing a cap-I (m 7 GpppNm) structure involving formation of capped primers, followed by a stage of initiation of transcription of virus-specific cRNAs through inclusion of a guanosine residue into a primer, and finally, elongation of virus-specific RNAs. Polypeptides PB2 (recognition of the cap-I structure) (Ulmanen et al., 1981 (Ulmanen et al., , 1983 Blaas et al., 1982a, b; Mahy et al., 1981 ; Nichol et al., 1981) and PB1 (initiation of transcription) (Ulmanen et al., 1981 ; Horisberger, 1982) are involved in these processes. Both polypeptides are apparently contained in the enzyme responsible for the cleavage of capped cellular RNA.
The information on the mechanisms of synthesis of poly(A-) cRNA and vRNA is rather poor. Earlier investigations of temperature-sensitive (ts) mutants of influenza virus suggested that the process of replication might involve several virus-specific polypeptides (Ghendon et al., 0022-1317/84/0000-5890 $02.00 © 1984 S GM (Thierry & Danos, 1982) . The regulation of the synthesis of vRNA has been shown to occur, and is apparently responsible for the regulation of the synthesis of poly(A +) cRNA (Smith & Hay, 1982) . Nevertheless, many important details of the process of replication of orthomyxovirus RNA are still not ki~iswrt.
Our earlier investigations showed that in several ts mutants of fowl plague virus (FPV) synthesis of virion RNA was inhibited (Ghendon et al., , 1975 (Ghendon et al., , 1982b ). The present paper reports the location of mutations in the genome of ts mutants with defects in the synthesis of vRNA, as well as the results of studies of virus-specific macromolecules in cells infected with these ts mutants.
METHODS
Viruses andcells. FPV Weybridge strain (H7N7) and ts mutants of this strain, ts 43, ts 166 and ts 29, were used. The origin and properties of these ts mutants have been described elsewhere Ghendon et al., 1973 Ghendon et al., , 1975 Ghendon et al., , 1982b . The ts 60 mutant was obtained by cultivation of FPV in chick embyro fibroblast (CEF) culture in the presence of N-methyl-N-nitro-N-nitrosoguanidine (5 ttg/ml) according to the method of Adachi et al. (1980) . Recombinants of ts mutants possessing a ts + phenotype were obtained by recombination of these mutants with human influenza virus strain A/Krasnodar/101/59 (H2N2), with A/FPV/Rostock (H7N1) strain, or with animal influenza virus A/deer/Chukotka/1254/76 (H6N2) using the methods described previously (Ghenkina & Ghendon, 1979; Almond et al., 1977) . The viruses were grown in the allantoic cavity of chick embryos and concentrated by centrifugation. Primary monolayer cultures of CEF were used in all experiments.
Analysis of the genome composition of the recombinants. The method of Hay et al. (1977a) described in detail earlier was used. In brief, CEF cultures were infected with the viruses under study (100 p.f.u./cell) and incubated in the presence of cycloheximide (100/xg/ml) for 1 h at 36 °C; then [3H]uridine (100 ~tCi/ml) was added and incubation continued for 3.5 h after which 3H-labelled cRNA was extracted from the infected cells. Equal amounts of 3H-labelled cRNA were hybridized with unlabelled vRNA of each parent strain isolated from purified virions. After hybridization the material was treated with S1 nuclease, precipitated with ethanol and analysed by electrophoresis in a 4~ polyacrylamide gel.
Analysis ofextragenic suppression ofts mutations. This was done as described previously (Ghendon et aL, 1982a) . Synthesis of virus-specific cRNA. This was studied by the method of Hay et al. (1977b) . In brief, CEF cultures were infected with ts mutants at a multiplicity of 100 p.f.u./cell. Adsorption was for 30 min at 36 °C or 42 °C after which the flasks were incubated at the appropriate temperature for 1.5 and 4 h. [3H]Uridine was then added (100 ~tCi/ml) and incubation continued for a further 30 min. Labelled RNA extracted from the cells was hybridized with an excess of unlabelled vRNA from purified virions according to the method of Ito & Joklik (1972) . Polyadenylated [poly(A+)] and unpolyadenylated [poly(A-)] double-stranded RNAs were separated by precipitation in 2 M-LiC1 at 0 °C for 24 h (Hay et al., 1977 b) . Samples were treated with S 1 nuciease and analysed by electrophoresis in a 4 ~ polyacrylamide gel. In several instances synthesis of cRNA was studied in shift experiments in the presence of cycloheximide. Cycloheximide (100 ixg/ml) was added to the ceils infected as indicated above 2 h after incubation at 36 °C. After 30 min incubation at this temperature the infected cultures were transferred to 42 °C, and [3H]uridine (20 ~tCi/culture) was added to the medium at 2.75 to 3-5 h post-infection. Virus-specific RNA was extracted and studied as described above.
Synthesis ofvirion RNA (vRNA) . This was studied according to the method described by Smith & Hay (1982) . Briefly, CEF cultures were infected with viruses (100 p.f.u./cell) and incubated for 1.5 or 4 h at 36 °C or 42 °C. Then, [3H]uridine was added (100 ~tCi/ml) and the incubation continued for 30 rain. Labelled RNA from the infected cells was hybridized with an excess of unlabelled virus-specific cRNA. Preliminary determination of the 'excess' of virus-specific cRNA was done according to the method of Smith & Hay (1982) . After hybridization the material was treated with S1 nuclease and analysed by electrophoresis in a 4% polyacrylamide gel.
Synthesis of virus-specific proteins. CEF cultures were infected with viruses at a multiplicity of 100 p.f.u./cell. After adsorption the cells were incubated in methionine-free Medium 199 at the appropriate temperature.
[35S]-Methionine (20 vtCi/sample) (sp. act. 1300 Ci/mmol; Amersham International) was added at the appropriate intervals and the incubation continued for 15 min. In chase experiments after 15 rain incubation in the presence of [35S]methionine the medium was replaced by Medium 199 containing an excess of unlabelled methionine~ Solubilization of cells and electrophoresis of labelled virus-specific proteins were done as described previously .
Formation of virus-specific ribonucleoprotein ( RNP) in cells. This was studied as previously described .
RESULTS

Identification of genes containing a ts mutation
To identify the genes containing ts mutations in mutants ts 43, ts 166 and ts 60, which belong to different recombination groups (Glaendon et al., 1982a ; Table 2 ), we obtained sets of ts ÷ recombinants by recombination of these ts mutants with several influenza A viruses. Human influenza virus A/Krasnodar/101/59 (H2N2), animal influenza virus A/deer-Chukotka/1254/76 (H6N2) and A/FPV/Rostock strain (H7N1) were used as recombination partners. Different partners were required to obtain appropriate ts ÷ recombinants with a single gene from the ts ÷ partner. Preliminary experiments showed that A/deer/Chukotka/1254/76 virus was an optimal partner for mutant ts 60, and FPV Rostock strain for mutant ts 43. The ts + recombinants obtained were characterized by their ability to form plaques in CEF cultures at 42 °C and retain this ability after two passages at 42 °C (not shown) which excluded the possibility of intracistronic complementation. The genome composition of these recombinants was analysed. Preliminary analysis showed that the viruses chosen as recombination partners differed from the FPV Weybridge strain in the homology of all eight genome segments Markushin et al., 1981) . Table 1 shows the results of the genome analysis of the recombinants. All ts ÷ recombinants obtained by recombination of mutant ts 60 with animal influenza virus A/deer/Chukotka/1254/76 (H6N2) inherited a single gene, namely, gene 5 from this virus. These data allowed us to conclude that mutant ts 60 has a mutation in gene 5 coding for the NP polypeptide. It should also be noted that as shown in Table 2 , mutant ts 60 recombined with all ts mutants of the FPV Weybridge strain which had been obtained by us earlier and had ts mutations in genes 1, 2, 3, 6 and 7 respectively, and failed to recombine with mutant US1 which had been obtained in Cambridge and had a ts mutation in gene 5 coding for polypeptide NP (Almond et al., 1977) .
The ts ÷ clones obtained by recombination of mutant ts 43 with the FPV Rostock strain contained only gene 1 from the Rostock strain in their genome (Table 1 ) and, therefore, substitution of gene 1 of mutant ts 43 by a corresponding segment of the genome of Rostock strain resulted in restoration of a ts ÷ phenotype. These data suggest that the temperaturesensitive phenotype of mutant ts 43 is due to a ts mutation in gene 1 coding for polypeptide PB2. <0.001 * The recombination test was carried out as described previously (Ghendon et al., 1982a) . The gene assignment of mutants ts 29, ts 131, ts 5 and ts 303/l has been reported previously (Ghendon et al., 1982b (Ghendon et al., , 1983a . Mutant US1 was obtained by Almond et al. (1977) and has a ts mutation in gene 5 coding for the polypeptide NP.
Our earlier work showed that mutant ts 43 readily complemented and recombined with mutant ts 29 which had been shown to contain a ts mutation in gene 1 (Ghendon et al., 1982b) . Since the analysis of the genome composition of ts + recombinants suggested the presence of a ts mutation in gene 1 of mutant ts 43, the appearance of ts ÷ clones in a process of recombination between mutants ts 29 and ts 43 under nonpermissive conditions needed to be explained. Studies of ts + clones obtained by recombination of mutants ts 43 and ts 29 have shown that these clones can be repeatedly passaged at nonpermissive temperature and they retain the ts ÷ phenotype (not shown). This fact indicates that the ability of mutants ts 43 and ts 29 to form ts ÷ clones with a high frequency during recombination is not due to intracistronic complementation.
The experiments with ts mutants of reovirus and ts mutants of influenza viruses showed that in some instances the appearance of clones possessing a ts + phenotype was due to extragenic suppression (Ramig & Fields, 1979; Tolpin et al., 1981; Scholtissek & Spring, 1982) . We also revealed extragenic suppression of a ts phenotype during recombination of two ts mutants of FPV Weybridge and Rostock strains having a ts mutation in the same gene (gene 1) (Ghendon et al., 1982a) . In view of this we decided to study whether or not extragenic suppression occurs during recombination of mutants ts 29 and ts 43. For this purpose one of the ts ÷ clones isolated from a population which had been obtained by recombination of mutants ts 29 and ts 43 (R29/43) was crossed at 36 °C with wild-type FPV Weybridge strain. The latter strain was precloned from a plaque formed at 42 °C to remove possible spontaneous ts mutants from the population of wild-type virus, In control experiments the ts + recombinant R29/43 and wild-type FPV Weybridge strain were self-crossed. The population obtained as a result of this crossing was analysed at 36 °C in CEF cultures. Clones were isolated from random plaques and their ts phenotype was determined. The results of one such experiment are shown in Table 3 . They demonstrate that all 28 clones obtained by self-crossing of the wild-type virus, and all 27 clones which resulted from self-crossing of the ts + recombinant R29/43 possessed a ts ÷ phenotype. At the same time five of 30 clones isolated from the population which was obtained by recombination of R29/43 with wild-type FPV (clones 4/2, 4/3, 4/13, 4/22, 4/27) possessed a ts phenotype. Similar data were obtained in studies of the other two ts + recombinants obtained as a result of recombination between ts 29 and ts 43 (not shown). Therefore, the results of these experiments indicate that the ts ÷ recombinant R29/43 retained the gene containing a ts mutation, and that the ts ÷ phenotype of this recombinant is due to a suppressor mutation contained in a gene which was inherited by the recombinant from the other parent. The data obtained confirm the conclusion that mutants ts 43 and ts 29 contain a ts mutation in the same gene 1.
Analysis of the genome composition of ts + recombinants obtained by recombination of mutant ts 166 with human influenza virus strain A/Krasnodar/101/59 (H2N2) revealed that two genes of this strain (genes 1 and 3) were present in the genome of the recombinants (Table 1) . However, mutant ts 166 readily complemented and recombined with mutants ts 43 and ts 29 (Ghendon et al., 1982a) containing a ts mutation in gene I, as well as with mutant ts 44 also having a ts mutation in gene 1 (Ghendon et al., 1982a) and obtained from the Cambridge collection (Mahy, 1983) . These data suggested that in this mutant the ts mutation was located in gene 3 coding for the polypeptide PA. Data presented in Table 4 show that none of the 47 clones isolated from the population which had resulted from recombination of the ts ÷ recombinant R166/29 with wild-type FPV possessed a ts phenotype. These results indicate that this recombinant contains no ts mutation in gene 1 and that its ts ÷ phenotype is not due to extragenic suppression. In control self-crossings none of the clones possessed a ts phenotype either. Thus, these data confirm that mutant ts 166 contains a ts mutation only in gene 3.
Synthesis of virus-specific RNAs
We studied synthesis of three classes of virus-specific RNA in ceils infected with mutants ts 43, ts 60 and ts 166 and incubated under non-permissive conditions. The data presented in Fig. 1 , +0.1 * Conditions of the experiment and explanation of the results are as described in Table 3 .
at 42 °C. Temporal regulation of the synthesis of poly(A ÷) cRNA and vRNA was detected, there being predominant syntheses of segments 5 (NP) and 8 (NS) early in the infectious cycle (1-5 h post-infection) followed by intensified synthesis of segments 4 (HA), 6 (NA) and 7 (M) late in the infectious cycle (4 h post-infection), which is in good agreement with available data (Hay et al., 1977b; Smith & Hay, 1982) . The data in Fig. 1, 2 permissive conditions intense synthesis of all three classes of virus-specific RNA was observed early in the infectious cycle. However, late in infection synthesis of vRNA practically ceased. The synthesis of poly(A ÷) cRNA was reduced drastically, and no increase in the level of synthesis of segments 4, 6 and 7 was observed late in infection as compared to that of individual RNA segments early in the infectious cycle, as was the case at the permissive temperature. At the same time synthesis of poly(A-) cRNA was as intense at 42 °C as at 36 °C, or as in cells infected with wild-type FPV and incubated at 42 °C. Mutant ts 60 was characterized by a different physiological defect. Synthesis of all classes of virus-specific RNA [vRNA, poly(A +) cRNA, poly(A-) cRNA] was observed with this mutant under non-permissive conditions. However, regulation of synthesis of vRNA and poly(A ÷) cRNA was affected, and predominant synthesis of segments 5 and 8 was observed both late and early in the reproduction cycle (Fig. I, 2, 3) .
Studies of the synthesis of virus-specific RNA in cells infected with mutant ts 166 have shown that under non-permissive conditions synthesis of vRNA did not occur at all and synthesis of poly(A-) cRNA and poly(A ÷) cRNA was reduced drastically (Fig. 1, 2, 3) .
Synthesis of poly(A ÷) cRNA in the presence of cycloheximide
The data in Fig. 2 show that under non-permissive conditions synthesis of poly(A ÷) cRNA in cells infected with mutant ts 166 was reduced throughout the infectious cycle, and in cells infected with mutant ts 43 it was reduced only late in infection. Hay et al. (1980) revealed that synthesis of poly(A ÷) cRNA could take place in the presence of cycloheximide, unlike synthesis of other classes of virus-specific RNAs. In view of this we carried out experiments in which cells infected with ts mutants were first incubated at 36 °C for 2 h to form functionally active enzyme complexes involved in the synthesis of virus-specific RNA. Further synthesis of vRNA was stopped by the addition of cycloheximide, the cells were transferred to the non-permissive temperature and incubated in the presence of [3H]uridine. In these experiments the cells were infected with mutants ts 29, ts 166, ts 43 and wild-type FPV. Mutant ts 29 was used as a control since it had been shown earlier (Ghendon et al., 1982b ) that the synthesis of poly(A ÷) cRNA was inhibited in this mutant under the conditions used. The data in Fig. 4 show that the synthesis of poly(A ÷) cRNA occurred in cells infected with mutants ts 43 and ts 166 (lanes 6 and 8) and with wild-type FPV (lane 2) under the conditions used, while in cells infected with mutant ts 29 (lane 4) secondary transcription was drastically suppressed. This difference in the functions of the enzymes responsible for secondary transcription in mutants ts 29 and ts 43, which contain a ts mutation in the same gene, indicates that these mutants have ts mutations in different regions of polypeptide PB2.
Synthesis of virus-specific polypeptides
Syntheses of virus-specific proteins in cells infected with mutants ts 166 and ts 43 under nonpermissive conditions were inhibited in different ways (Fig. 5) . A decreased synthesis of virusspecific polypeptides was observed in cells infected with mutant ts 166 during 6 h after infection. On the other hand, mutant ts 43 induced intense synthesis of all virus-specific polypeptides early in the infectious cycle at 42 °C followed by drastic inhibition of synthesis of virus-specific proteins 3 h post-infection.
In cells infected with mutant ts 166 (Fig. 6 ) under non-permissive conditions an additional polypeptide (x) having a somewhat higher electrophoretic mobility compared to that of the precursor of the haemagglutinin (HA) was revealed by electrophoresis of proteins in a 15 ~ polyacrylamide gel. Cleavage of this polypeptide was not observed in chase experiments. Similar data were obtained in the experiments with mutant ts 43 (not shown). The polypeptide x is likely to be an incompletely glycosylated precursor of the HA.
Formation of virus-specific RNP in cells infected with mutants ts 43 and ts 60
Our earlier studies showed that RNP was not formed under nonpermissive conditions in cells infected with mutants ts 166 and ts 43, which is in agreement with the data available on impairment of the vRNA synthesis in cells infected with these mutants. [3H]Uridine was added to all cultures (20 ~tCi/ml), and the cells were incubated from 2.75 to 3.5 h from the onset of infection. Extraction and analysis of RNA was carried out as described in Methods.
Nevertheless, synthesis of v R N A in mutant ts 43 early in the reproduction cycle suggested formation of certain amounts of R N P during this period. We studied R N P formation in cells infected with mutant ts 43 early in infection. The data shown in Fig. 7 demonstrate that, in cells infected with wild-type FPV, R N P is formed from 2 to 2.5 h post-infection both at 36 °C at 42 °C in approximately similar amounts. In cells infected with mutant ts 43 virus-specific R N P is formed in the interval between 2 and 2.5 h post-infection at 42 °C, although in significantly smaller amounts than at 36 °C. Studies of the formation of virus-specific R N P in cells infected with mutant ts 60 showed that the amount of R N P formed under non-permissive conditions from 3.5 to 4 h post-infection (Fig. 7) was decreased as compared to that formed at 36 °C or to that formed in cells infected with wild-type FPV at 42 °C. It may be due to both impairment in R N P formation and to degradation of the R N P formed.
DISCUSSION
Analysis of the genome of ts + recombinants obtained by recombination of the ts mutants under study with influenza A viruses indicates that mutant ts 43 contained a ts mutation in gene I. According to our previous data this mutant recombined at a high frequency with mutant ts 29 which also had a ts mutation in gene I (Ghendon e t al., 1982a) . Methionine was then added (20 p.Ci/sample) and the incubation continued for 15 min. Some samples were used to prepare cell extracts (pulse), and to other samples (chase) an excess of unlabelled methionine was added and the incubation was continued for 45 min at the appropriate temperature. Solubilized extracts were analysed in a 15% polyacrylamide gel.
The results in the present paper show that the emergence of ts ÷ recombinants as a result of coinfection of cells with mutants ts 29 and ts 43 is due to extragenic suppression. These data indicate that extragenic suppression of FPV ts mutants may occur not only between two different FPV strains (Ghendon et al., 1982a) but also between two ts mutants qf the same strain.
Analysis of ts ÷ recombinants obtained by recombination of mutant ts 166 with human influenza virus A/Krasnodar/101/59 has shown that they all inherited genes 1 and 3 from human influenza virus. Recombination of this ts mutant with mutant ts 29 having a ts mutation in gene 1, as well as analysis of ts + clones resulting from recombination with these mutants, thus excluding the possibility of extragenic suppression, show that mutant ts 166 has a ts mutation in gene 3 only. This conclusion is confirmed by our previous finding (Ghendon et al., 1982a ) that mutant ts 166 failed to recombine with the Cambridge mutant ts 45 which had a ts mutation in gene 3 (Almond et al., 1977) .
Studies of ts + recombinants obtained by recombination of mutant ts 60 with influenza virus A/deer/Chukotka/1254/76 revealed a ts mutation in gene 5 of this mutant coding for the polypeptide NP. This is confirmed by the results of a recombination test in which this mutant recombined with all ts mutants under study except the Cambridge mutant US1 which has a ts mutation in gene 5 (Almond et al., 1977) .
The phenotypes of ts mutants having mutations in gene 1 coding for the polypeptide PB2 have been studied in detail. In such mutants the initial stages of primary transcription are affected including recognition of cap-I structure of cellular mRNA and endonucleolytic cleavage of capped mRNA Ulmanen et al., 1983) ; primary and secondary transcription is also affected (Krug et al., 1975; Palese et al., 1977; Mahy et al., 1981 ; Ghendon et aL, 1982b) , and the syntheses of poly(A-) cRNA and vRNA do not occur Ghendon et al., 1975 Ghendon et al., , 1982b . The data obained previously indicate involvement of protein PB2 in some stages of transcription Ulmanen et al., 1983) .
The primary physiological defect of mutant ts 43 containing a ts mutation in gene 1 prevented synthesis of vRNA in the interval between early and late stages of virus reproduction, but the synthesis of poly(A-) cRNA was not affected in this period. This suggests that protein PB 2 is involved in the process of replication as well. The fact that the mutational defect is revealed comparatively late in the infectious cycle may be due either to gradual inactivation of thermolabile polypeptide PB2, or to the fact that a ts mutation of the polypeptide is manifested only when this polypeptide enters an enzyme complex responsible for a late stage of synthesis of vRNA.
Impairment in the synthesis of vRNA in infected cells is the main physiological defect of ts mutants containing a mutation in gene 3 (Krug et al., 1975; Palese et al., 1977; Mahy et al., 1981 ; Scholtissek & Bowles, 1975; Thierry & Danos, 1982) . This indicated involvement of the polypeptide PA encoded by this gene in the synthesis of vRNA. The phenotype of mutant ts 166 is essentially similar to that of ts mutants studied by the above authors. In cells infected with mutant ts 166 under non-permissive conditions the synthesis of poly(A-) cRNA occurred, although it wasdecreased, and synthesis of vRNA did not occur at all, which may indicate different enzyme complexes responsible for these two processes. Similar data were obtained earlier by Thierry & Danos (1982) . Different RNA phenotypes of mutants ts 43 and ts 166 correlate with observed defects in the synthesis of virus-specific polypeptides in cells infected with these mutants.
Different phenotypes of ts mutants containing a ts mutation in polypeptide NP indicate polyfunctional properties of this protein. Thus, the ts phenotype of one group of ts mutants was characterized by a lack of vRNA synthesis and by decreased synthesis of poly(A ÷) cRNA in infected cells Scholtissek & Bowles, 1975; Thierry & Danos, 1982) . In other groups of ts mutants the late stages of morphogenesis were affected (Scholtissek & Bowles, 1975; Thierry & Danos, 1982) . It should also be noted that ts mutants having defects in the NP protein were assigned to three complementation groups (Thierry & Spring, 1981) . The data obtained suggest that the NP polypeptide is involved in the synthesis of vRNA and has specific structural functions.
In our experiments with cells infected with ts 60 containing a ts mutation in the NP protein under non-permissive conditions, regulation of the synthesis of vRNA and poly(A ÷) cRNA was affected, as evidenced by predominant synthesis of RNA segments 5 and 8 late in the infectious cycle and in a decrease of the amount of virus-specific RNP formed. These data indicate an important role of the NP protein in the regulation of influenza virus vRNA synthesis. Under normal conditions of infection at a late stage of the infectious cycle modification of the nucleoprotein replicative complex including the poly(A-) cRNA matrix is supposed to be one of the essential elements for the regulation of vRNA synthesis. This supposition is confirmed by the possible regulatory function of the nucleoprotein replicative complex of rhabdoviruses in the synthesis of virus-specific RNAs (Blumberg et al., 1981) .
